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Abstract
A laboratory scale study was conducted to investigate the effect of temperature on bioremediation of crude oil
contaminated soil. The initial crude oil concentration in the soil was determined to be 38,075 mg/kg of dry soil. The
contaminated soil mixed with either urea (as an inorganic amendment), hydrocarbon degrader bacteria plus urea or with
wastewater activated sludge (as an organic amendment and microbial flora) was incubated at either 25°C or 45°C for 12
weeks A contaminated soil with no amendment was used as a control. The total petroleum hydrocarbons (TPHs) removal
observed regardless of the added amendments was 79.8% and 62.4% at mesophilic and at thermophilic temperatures,
respectively.  The maximum TPHs removal was obtained with the contaminated soil treated with urea plus hydrocarbon 
degrading bacteria. The lowest TPHs removal (<35%) was observed in the control treatment. The addition of activated 
sludge showed a very minor effect on the biodegradation rate compared to the control treatment. In short, the results show
that: 1) mesophilic temperature was more beneficial for biodegradation than thermophilic; 2) bioaugmentation of 
indigenous bacteria in the presence of nutrients enhanced TPHs removal; and 3) addition of activated sludge had no
significant effect on biodegradation.
© 2013 Published by Elsevier B.V. Selection and/or peer review under responsibility of Asia-Pacific
Chemical, Biological & Environmental Engineering Society
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1. Introduction
Although, most bacteria that found in soil including hydrocarbon degraders are mesophilic, the microbial
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activity is not always at its height in the mesophilic temperature range [3]. Researchers have reported different 
results regarding the benefits of mesophilic and thermophilic temperatures for biodegradation of petroleum 
hydrocarbons. On one hand, one study found that more phenanthrene was mineralized (40%) at 37°C than at 
50°C [5]. Other study also found that mesophilic temperatures resulted in more reduction in aliphatic (e.g. 
hexadecane) and polyaromatic hydrocarbons (e.g. pyrene) [4].  Similar removal of aliphatic hydrocarbons 
(octadecane) and polyaromatic hydrocarbons (phenanthrene) at both 35°C and 50°C was observed by other 
researchers [6]. In contrast, one other study found 70 % and 42% removal of hexadecane occurred at 60°C 
and 18°C, respectively, when the soil was bioaugmented with thermophilic geobacillus thermolavorans 
bacteria T80. The increased biodegradation rate of hexadecane at 60°C was attributed to the temperature 
dependency of the alkane mono-oxygenize alk B gene which is responsible for the initial step in the 
degradation of alkanes in soil [9]. Bacillus and geobacillus thermophilic hydrocarbon degraders were also 
found by other study [8] to degrade long chain crude oil alkanes in the range of 46.6 to 87.7 %. Other 
researchers also concluded that the use of indigenous thermophilic hydrocarbon degraders can be very 
beneficial and of special significance for the bioremediation of polluted desert soil [8]. However, the 
documented research on the bioremediation of terrestrial spills in desert regions is still scare. Although 
petroleum contamination is recognized as a significant threat to off shores, aquatic and polar environments, 
special concern should be extended to the desert environments since (i) a large percentage of the world's oil 
production comes from desert regions (ii) new oil production from new desert regions is under way (e.g. Chad 
and Sudan). Therefore, this study focuses on the biodegradability of Libyan crude oil contaminated soil under 
mesophilic and thermophilic conditions.  
2. Material and Methods  
To investigate the effects of temperature on the rate of crude oil degradation, four different treatments in 
microcosm experiments were carried out. Each treatment had two parts; Mesophilic part incubated at 25°C 
and thermophilic part incubated at 45°C. Moisture content of all treatments was adjusted to 66% (w/w) of the 
water holding capacity for sandy soil. Distilled water was used to adjust the moisture content of treatments 
received urea as inorganic amendment whereas the moisture content of treatment received activated sludge as 
organic amendment was adjusted by adding water that was associated with the activated sludge. It was 
assumed that the activated sludge water contain nutrients and /or bacteria that could enhance the 
biodegradation process. The contaminated soil was then mixed thoroughly with either: 1) agricultural 
fertilizer in the form of urea, 2) urea with mixed inoculums of hydrocarbons degraders, 3) and activated 
sludge from wastewater treatment plant. One control treatment consisted of only contaminated soil without 
any amendments was used as a control.  
The treatments were set-up in sets of screw cap glass jars as microcosms containing 50g of soil. Each 
treatment consisted of 24 jars (12 jars mesophilic and 12 jars thermophilic). Two Jars were selected at random 
from each treatment every 2 weeks for analysis of extractable hydrocarbon. In addition to that, 8 jars with 50 
g of uncontaminated soil plus activated sludge were used as control for the sludge added treatment to account 
for hydrocarbons associated with the activated sludge. Glass jars were put in incubators at mesophilic and 
thermophilic temperatures of 25°C and 45°C, respectively, over a period of 12 weeks.  
Extraction of crude oil was carried out using soxhlet model (148 Velp Scientifica). The soxhlet extraction 
efficiency was found to be 62.8%. Ten grams of soil sub-sample was mixed with the same amount of 
anhydrous sodium sulfate to absorb soil moisture, and placed in the extraction thimble. 75 ml of 
dichloromethane solvent and two or three boiling stones were placed into the extraction cup to extract each 
sub-sample. The extraction process had three stages: the immersion stage (10 min.), the washing stage (1 h.) 
and finally the recovery stage (15 min.). After that the extraction cups were left over night in room 
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temperature to evaporate dichloromethane. The residual weight was determined gravimetrically. This weight 
represents the TPH remained after extraction.  
3. Results and Discussion  
3.1. Mesophilic Temperature Treatments 
The effect of mesophilic temperature on the rate of biodegradation of petroleum hydrocarbons was 
evaluated in glass jars microcosms incubated at 25°C for a period of 12 weeks. The incubation temperatures 
were selected based on the average seasonal mesophilic temperatures variations in Gialo Oil Field. In addition 
to the control treatment of contaminated soil without any amendments (CM), the treatments were; (i) nutrients 
added treatment (CNM), (ii) bacteria plus nutrients added treatment (CNBM) and (iii) activated sludge added 
treatment (CSM). Petroleum hydrocarbons removal in the microcosms was monitored by measuring the TPH 
remained in the soil every two weeks. The initial contaminating hydrocarbon value of 38075 mg/kg of soil 
establishes the starting point for the bioremediation process. In this experiment, all values were expressed as 
the mean of two replicates.  Fig.1 shows TPH remained for each treatment under mesophilic conditions.   
 
 
Fig.1. TPH remained for each treatment under mesophilic temperature 
The effect of mesophilic temperature on TPH removal of the contaminated soil without any amendments 
was monitored on treatment (CM). This treatment experienced a slow degradation rate throughout the 
incubation period as shown in Fig.1. After two weeks, the remaining TPH was 92.6% of the initial 
concentration (i.e. 7.4% TPH removal). By the end of the experiment, the TPH removal was 35.3%. It was 
Surprising that this treatment recorded a relatively high TPH removal of 35.3% in the absence of any 
amendments by the end of the incubation period. These results suggested that mesophilic temperature alone 
had a great effect on biodegradation of the contaminated soil if oxygen concentration and soil moisture 
content were maintained at suitable levels. 
Inorganic fertilizers were used as nitrogen and phosphorous sources to support microbial biodegradation of 
crude oil in treatment (CNM). Although, some previous research indicated that fertilizer amendments had a 
delayed effect or no effect at all on the biodegradation rate, the results of this study showed that nutrients have 
a marked effect on the removal of petroleum hydrocarbons. The remained TPH decreased from 72.7% after 
two weeks to 34.8% by the end of the incubation period.  When this result of CNM treatment compared to 
that of CM treatment, it seems that nutrients application has enhanced the TPH removal by almost 30%. 
These results suggested that nutrient availability was a limiting factor in the bioremediation of the 
contaminated soil in the CM treatment. Furthermore, these results were in agreement with those results 
reported by [2, 10] 
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To evaluate the effect of bacteria addition (bioaugmantion) in the presence of nutrients on the removal of 
TPH under mesophilic conditions, indigenous hydrocarbons degrader isolated from the contaminated soil was 
added. Initially, the degradation process of treatment (CNBM) was quite fast due to the addition of the 
degrading bacteria. After two weeks, the remaining TPH was 64.4% which was equivalent to 35.6% TPH 
removal. At the end of the incubation period, this treatment recorded 20.2% remaining TPH (i.e. 79.8% TPH 
removal). When compared with treatment (CM), as shown in Fig.1, the TPH removal of the CNBM treatment 
was higher by 44.5%. In contrast, it was higher by 14.6% when compared to nutrients added treatment (CNM). 
The reasonable explanation for this can be the low population density of the indigenous petroleum 
hydrocarbon degrading bacteria in the contaminated soil of the CM and CNM treatments. The results, 
therefore, have indicated that the reintroduction after enrichment of indigenous microorganisms isolated from 
the crude oil contaminated soil increased the number of microorganisms that can degrade the petroleum 
hydrocarbons and therefore enhanced the biodegradation process significantly at mesophilic temperature.  
The ability of the indigenous microbial flora of the wastewater to degrade crude oil was tested by 
introducing fresh activated sludge to the contaminated soil of treatment (CSM). During the first two weeks, 
this treatment showed a remained TPH of 84.4% or a small TPH removal of only 16.6%. By the end of the 
incubation period, the TPH removal was increased by a factor of 2 (i.e. 33%). The results shown in Fig.1 
indicated that addition of activated sludge in the CSM treatment had a very minor effect on the TPH removal 
at mesophilic temperature when compared to the CM treatment which has resulted to only 35.3% TPH 
removal. Although, the CSM treatment had a faster degradation rate than the CM treatment during the first 
eight weeks of incubation (probably due to the availability of more degrading bacterial density and /or 
nutrients), its final TPH removal of 33% was less than that of the CM treatment. The decreasing of the 
biodegradation rate at the last four weeks of incubation can be also attributed to the inhibition of the process 
by toxic compounds associated with the activated sludge.  
3.2. Thermophilic Temperature Treatments 
To evaluate the effect of thermophilic temperature on TPH removal, the glass jars microcosms were 
incubated at 45°C for 12 weeks. The thermophilic incubated treatments were the same as mesophilic 
incubated treatments which consisted of a control treatment (CT), nutrients added treatment (CNT), bacteria 
plus nutrients added treatment (CNBT) and activated sludge added treatment (CST).These treatments were 
monitored every 2 weeks. Fig.2 shows the remaining TPH of thermophilic incubated treatments.  
 
 
Fig. 2. TPH remained for each treatment under thermophilic temperature 
For the CT treatment, a small TPH removal of only 6.9% was observed after 2 weeks of incubation (Fig.2). 
The slow rate of degradation continued until the end of the experiment where the maximum removal of TPH 
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was 29.6%. This can be considered a reasonable TPH removal value knowing that no amendments were 
added. Therefore, thermophilic temperature proved to have a moderate effect on the TPH removal in such 
conditions of low availability of nutrients and small number of petroleum degrading bacteria. The presence of 
sufficient oxygen concentration and soil moisture content were important factors in this process. 
The application of inorganic nutrients to CNT treatment under thermophilic conditions has resulted in a 
rapid degradation rate. This treatment enhanced the removal of TPH to 55.6% by the end of the incubation 
period. During the period between week 4 and 6, treatment (CNT) experienced a very small increase in TPH 
removal of 1.2%. The reason for that may be attributed to the drop in moisture content. The results, however, 
can be more appreciated when compared to the CT. As shown in Fig.2, the CNT treatment has recorded 26% 
TPH removal more than the CT treatment by the end of the experiment. These results confirmed that nutrients 
enhanced growth of microorganisms which have led to a more rapid decomposition of the contaminant. The 
results were also in accordance with [1, 2, 7] that crude oil responded positively to the addition of fertilizer 
containing nitrogen and phosphorous. 
The effect of indigenous bacteria plus nutrients addition on TPH removal under thermophilic conditions 
was tested on the CNBT treatment. The biodegradation rate at 45°C considerably enhanced as shown in Fig.2. 
The remained TPH during the first two weeks of incubation was 72.2%. This means that about 27.8% of the 
TPH removal has occurred in that period. By the end of the experiment, this treatment recorded 62.4% TPH 
removal compared to 29.6% for the CT treatment.  
In the CST treatment, the effect of the activated sludge addition on the contaminated soil at thermophilic 
temperature of 45°C was examined. The initial phase of the degradation process was low and small compared 
to the CNT and CNBT treatments (Fig.2). After 12 weeks of incubation, the remained TPH was 67.9% (i.e. 
32.1% TPH removal) which was very similar to that observed with the CT treatment. After all, addition of the 
activated sludge (as source of organic nutrients and/or indigenous microbial flora associated with), did have a 
very minor effect on the TPH removal.  
4. Conclusions  
Although both temperatures enhanced the removal of crude oil, mesophilic temperature would be more 
beneficial for biodegradation. This study also concluded that bioaugmentation of indigenous bacteria in the 
presence of urea as inorganic nutrients would dramatically enhance crude oil removal at both temperatures. 
Yet, the rate and the extent of biodegradation of crude oil still to be further investigated using a wide range of 
temperature patterns that imitate the desert condition. 
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